1. Introduction
===============

RNA viruses are comprised of a cloud of related viruses known as a quasispecies, or viral swarm ([@vey001-B28]; [@vey001-B40]). This phenomenon is a direct result of the low fidelity attributed to the RNA-dependent RNA polymerase (RdRp), which lacks an exonuclease proofreading function resulting in error-prone replication ([@vey001-B18]). This lack of fidelity in replication is thought to allow RNA viruses to adapt rapidly to changing environments, which is particularly relevant for moving between different hosts and for transmitting between host compartments, as different organs or tissues will have different mutational spectra ([@vey001-B50]; [@vey001-B43]). The presence of this cloud of mutations may also assist in the pathology and transmission of the virus, and transmission between different groups of cells within a host. Arthropod-borne viruses (arboviruses) have the added burden of infecting two disparate species, so it is theorized that this cloud of mutations allows viruses to sustain a transmission cycle between insect and vertebrate hosts, and is essential for maintenance of the virus within the transmission cycle.

During their infection cycle, arboviruses infect a wide variety of cell types in the invertebrate and vertebrate hosts. This host switching is hypothesized to require changes in the mutational spectrum to allow effective infection of these different host tissues. For example, the purifying selection observed during mammalian infections ([@vey001-B16]) followed by restoring diversity upon infection of a mosquito ([@vey001-B14][@vey001-B13]; [@vey001-B8]). Significant bottlenecks also occur during the arbovirus infection of the mosquito vector ([@vey001-B12]; [@vey001-B21]). Such bottlenecks have been identified when the virus infects the mosquito midgut; escapes from the midgut into the hemocoel; and infects the mosquito salivary glands. Each bottleneck results in a significant reduction of diversity in the quasispecies population, which recovers after infection in a new tissue is established, although the timeline for recovery and barrier-specific mutations have not been completely understood ([@vey001-B24]).

Venezuelan equine encephalitis virus (VEEV) is a New World alphavirus that causes encephalitis upon infection of equids and humans. Generally, the virus circulates endemically between small rodents and mosquitoes in the forests of Central and South America ([@vey001-B52]). Occasionally, the virus undergoes specific mutations in the envelope glycoprotein that allow the virus to successfully infect horses to high titers ([@vey001-B10]; Anischenko et al. 2006). As a consequence, mosquitoes that are more promiscuous in their bloodmeal preferences can be infected ([@vey001-B9]; [@vey001-B23]) resulting in increased human transmission. The conjunction of these two events, the emergence of mutations and infection of equids or epidemic mosquitoes, can lead to an epidemic outbreak of the virus.

An increasing number of studies report the importance of minority variants in the infecting virus population ([@vey001-B8]; [@vey001-B2]; [@vey001-B6]; [@vey001-B24]). Previous work has shown the presence of severe bottlenecks during escape of VEEV from the midgut and infection of the salivary glands ([@vey001-B21]); however, these studies detected marked clones, not measures of diversity. This study aimed to determine if these bottlenecks resulted in significant shifts in the viral population diversity. To investigate the effect of diversity, particularly minority variants, next generation sequencing (NGS) of infected mosquitoes' midguts, bodies, legs and wings (hereafter legs/wings), and saliva was performed to collect data on viral sequences. The NGS platform is highly sensitive and allows for the proportion of even low frequency mutations (∼1% frequency) to be identified. Analysis of the viral genomes allowed for the determination of the diversity and trends of viral sequences at different times and in different compartments of the mosquito vector as the virus transitions from the midgut, through the hemocoel to the salivary glands. The goal of these studies was to identify the role that diversity plays in sustaining a successful disseminated mosquito infection. In particular, to determine if the presence of known bottlenecks ([@vey001-B21]) showed any evidence of reducing diversity in the subsequent tissue, if so, was reduced diversity accompanied by an increase in diversity to compensate for the reduction, and to determine if there was any evidence of selection with regard to the minority variants that arose during infection.

2. Materials and methods
========================

2.1 Ethics statement
--------------------

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol 1309038A was approved by the Institutional Animal Care and Use Committee of the University of Texas Medical Branch.

2.2 Cell culture and viruses
----------------------------

African green monkey kidney (Vero) and baby hamster kidney (BHK) cells were obtained from the American Type Culture Collection (Bethesda, MD) and maintained in Dulbecco's minimal essential medium (DMEM) (Gibco, Carlsbad, CA) supplemented with 5% fetal bovine serum (FBS) and penicillin/streptomycin (100 U/ml). Using BHK cells, viruses were rescued from an infectious cDNA clone derived from an enzootic strain of VEEV IE, 68U201 as described previously and without further passage ([@vey001-B44]). The parental 68U201 virus (genomic sequence in GenBank accession no. U34999.1) was isolated from a sentinel hamster in a sylvatic Guatemalan focus of VEEV in 1968 and passaged once in infant mice and twice in BHK cells prior to cloning ([@vey001-B42]).

2.3 Experimental infections
---------------------------

To establish experimental transmission cycles, CD-1 mice were infected subcutaneously with 3 log~10~ PFU of 68U201 virus rescued from an infectious clone as described above. Mice (*n* = 6) were allowed to recover from the injection for 24 h. At 24 h post-infection, mice were anesthetized using a mixture of ketamine and xylene before being placed on the screened lids of 0.5 l cardboard cartons containing cohorts of *Culex taeniopus* mosquitoes (colony originating from Chiapas, Mexico). Mosquitoes were allowed to feed on the mice for up to 1 h. Mice were bled via the retro-orbital route after presentation to mosquitoes, and again on Day 3 post-infection. On Day 6 post-infection, the mice were sacrificed and brains harvested.

Cohorts of *C. taeniopus* mosquitoes were sugar-starved for at least 16 h; then allowed to feed for up to one hour on mice infected with 68U201 as described above. Following feeding, engorged mosquitoes were incubated at 27°C and provided 10% sucrose *ad libitum*. On Day 1, mosquitoes were chilled and the midguts dissected out and the remaining carcass held separately. Midguts were cut in half and residual blood was washed out using PBS. On Days 4, 8, 12, and 19, additional mosquitoes were immobilized by cold to remove the legs/wings, and individuals were allowed to salivate for 45 min into a capillary tube containing FBS. The remaining carcasses were used as representation of the midgut, which has been demonstrated to be an effective substitute for midguts ([@vey001-B21]).

2.4 Processing of tissues
-------------------------

All mosquito tissues were placed into DMEM supplemented with 10% FBS, penicillin/streptomycin, and Fungizone (Sigma-Aldrich, St Louis, MO) and homogenized at 26 Hz for 5 min, then subjected to centrifugation at 3,820 *×g* for 10 min. All samples except saliva samples were tested for the presence of virus by a cytopathic effect (CPE) assay on Vero cells. Samples were counted as positive for virus if CPE was observed at 72 h post-infection ([@vey001-B30]). Positive samples and their corresponding saliva samples were stored at −80°C for subsequent analysis. Saliva was not used for CPE assays because the entire sample was required for sequencing.

2.5 RNA extraction and sequencing
---------------------------------

RNA was extracted from CPE positive samples, along with the saliva samples associated with CPE positive legs/wings. Samples were placed into Buffer AVL from the QIAamp Viral RNA Mini kit (Qiagen, Valencia, CA) and RNA was extracted as per the manufacturer's protocol.

### 2.5.1 Library construction

Viral RNA (0.05--1.7 μg) was quantified using a Qubit 2.0 fluorometer and was then fragmented by incubation at 94°C for 8 min in 19.5 μl of fragmentation buffer (Illumina, San Diego, CA). First and second strand synthesis, adapter ligation, and amplification of the library were performed using the Illumina TruSeq RNA Samplec Preparation kit as per the manufacturer's protocol.

### 2.5.2 Sequence determination

Cluster formation of the library DNA templates was performed using the TruSeq PE Cluster Kit v3 (Illumina) and the Illumina cBot workstation as per the manufacturer's protocol. Paired-end 50 base sequencing by synthesis was performed using TruSeq SBS kit v3 (Illumina) on an Illumina HiSeq 1500 as per the manufacturer's protocol.

2.6 Sequence assembly and analysis
----------------------------------

### 2.6.1 Quality and filtration

The quality for each sample/dataset was assessed using FASTQC ([@vey001-B4]). The paired-end reads were merged for each sample and then filtered to exclude reads with unknown characters (anything other than A, T, C, G) and low quality (\<10 quality score), so that only high-quality reads were used during analysis. Additionally, the first sixteen bases of each read were trimmed due to nucleotide bias.

### 2.6.2 Reference sequence

The analysis was performed using VEEV complete cds (GenBank accession No.: U34999.1; [@vey001-B36]).

### 2.6.3 Variant analysis

To analyze the variant hotspots, regions of the genome with high levels of variation, of bodies, legs/wings, midgut, and saliva for each mosquito, each sample was run through a novel rare variant pipeline developed by the Fofanov laboratory (available upon request from Dr Forrester). The pipeline first maps each read to the reference VEEV genome with perfect match, then unmapped reads are re-mapped with one mismatch and added to the final map. The thirty-four base long reads used in the analyses were validated as viral sequences and not host sequences by analysis of the longest subsequences shared explicitly (no mismatches allowed) and longest similar (one mismatch allowed) between viral and host genomes. To avoid bias introduced by locations poorly covered by mapped reads, the diversity indices were then generated by body part, with a minimum per position nucleotide coverage threshold per base of 10, 100, and 1,000 ([Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}). Diversity was calculated using Shannon entropy ([@vey001-B31]). Positions with non-zero entropy were considered to be variant positions. Samples that did not have a minimum per position nucleotide coverage of 10 for \>90% of the genome (reference sequence was 11,464 bp) were excluded. Once this threshold was reached no correlation was observed between the percentage of the genome covered and the number of positions that had variants present ([Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}).

### 2.6.4 Statistics

All statistical analyses were performed with GraphPad Prism 6.0 (GraphPad Software, Inc.).

3. Results
==========

3.1 Mosquito infections
-----------------------

After feeding cohorts of *C. taeniopus* mosquitoes on viremic CD-1 mice, seventy-eight of the mosquitoes were positive for virus infection by CPE. Mosquitoes sampled were from all six initial mouse infections, details of all the samples can be found in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. Of the seventy-eight mosquitoes, sixty-two had evidence of a disseminated infection, while the remaining sixteen failed to disseminate past the midgut. Of these, forty-four disseminated mosquitoes and fifteen non-disseminated mosquitoes had a sufficient number of viral reads to be included in further analysis ([Table 1](#vey001-T1){ref-type="table"}). Table 1.The number of samples sequenced from each day for both disseminated and non-disseminated samples.DisseminatedNon-disseminatedDay 1Day 4Day 8Day 12Day 19Day 1Day 4Day 8Day 12Day 19Midguts7 (6)5 (5)Bodies6 (0)6 (3)16 (9)10 (7)23 (19)5 (4)2 (2)3 (3)1 (1)Legs/Wings6 (3)15 (3)10 (6)23 (13)Saliva6 (0)15 (0)10 (0)22 (0)[^4]

3.2 Viral diversity across minimum nucleotide coverage thresholds
-----------------------------------------------------------------

To test for significant effects of bottlenecks on the diversity of the mosquitoes, the mutation spectrum for forty-four mosquitoes was determined for up to three tissues: bodies, legs/wings, and saliva. No difference was observed in diversity at minimum nucleotide coverage thresholds of 10, 100, and 1,000 ([Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}) using the Mann-Whitney and Welch's *t*-test between the different compartments when sequences from mosquito samples on all days were pooled. However, to increase significance 100× coverage was used as a cut off for further analysis.

To prevent bias from insufficient coverage, sequences that had \<90% of the genome covered at 100× sequencing coverage were excluded. This excluded all saliva sequences, as there were insufficient viral reads in all saliva samples. This is an inherent bias of the sampling method, as alphaviruses tend to deposit very few viral particles in the saliva ([@vey001-B45]). Details of all the samples sequenced and the amount of coverage can be found in [Supplementary Tables S1 and S2](#sup1){ref-type="supplementary-material"} and the number of samples used in the final analysis can be found in [Table 1](#vey001-T1){ref-type="table"}.

Serum samples collected from the mice were also sequenced. Low coverage for these samples limited analysis to a consensus viral sequence, with no minority variants identified. The consensus sequence in the mice was identical to the plasmid sequence used to produce the virus stocks. The proportion of samples that was obtained from each mouse can be found in [Supplementary Fig. S3](#sup1){ref-type="supplementary-material"}.

3.3 Disseminated infections have higher diversity than non-disseminated infections
----------------------------------------------------------------------------------

To determine if a lack of viral diversity correlates with non-disseminated infections in mosquitoes, both disseminated and non-disseminated midguts and disseminated and non-disseminated bodies were compared ([Fig. 1](#vey001-F1){ref-type="fig"}). Midguts were determined to be non-disseminated if the CPE assay was only positive for the midgut and not the body for that mosquito. Bodies were determined to be non-disseminated if the CPE assay was only positive for the body and not the legs/wings for that mosquito. No significant difference was observed in midguts, which were processed on Day 1 ([Fig. 1A](#vey001-F1){ref-type="fig"}). For the bodies, there is significantly less diversity for non-disseminated compared with the disseminated bodies (*P* = 0.0070) ([Fig. 1B](#vey001-F1){ref-type="fig"}).

![Amount of diversity is reduced in non-disseminated mosquitoes. ⊢ ⊤ Range of diversity was calculated for (A) Midguts with disseminated infections (*n* = 6) and non-disseminated infections (*n* = 5). (B) Bodies with disseminated infections (*n* = 38) and non-disseminated infections (*n* = 10). Statistics were calculated using Student's t-test with Welch correction. \*\**P* \< 0.0001.](vey001f1){#vey001-F1}

3.4 Variant frequency compared with diversity
---------------------------------------------

To determine if the viral diversity was a result of a few mutations at high frequencies or large numbers of mutations at low frequencies, the number of positions along the genome that showed a variant was calculated. All samples that had \<90% of the genome sequenced were excluded from these analyses to control for low coverage confounding the calculations of diversity and variant numbers. At \<90% of the genome, the number of variants correlated with the percentage of genome covered. When \>90% of the genome had a minimum sequencing coverage of 10, no correlation was observed ([Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}), so all samples with fewer than 90% of the genome covered by sequencing at 10× coverage were discarded from the analysis. There was a significant drop in the number of variant positions between pooled bodies and pooled legs/wings across all days by Student's *t*-test (*P* = 0.0043) ([Fig. 2A](#vey001-F2){ref-type="fig"}), and this was mirrored in the diversity results (*P* = 0.0257) ([Fig. 2B](#vey001-F2){ref-type="fig"}) as determined by Welch's *t*-test.

![Bodies and legs/wings show differences in both the number of variant positions and Shannon entropy. The difference between bodies and legs/wings calculated for (A) the number of variant positions for all disseminated bodies (*n* = 38) and legs/wings (*n* = 25) with coverage of \>90% of the genome, and (B) the diversity of all disseminated bodies (*n* = 38) and legs/wings (*n* = 25). Asterisk indicates statistically significant results by Student's *t*-test, \**P* \< 0.05, \*\**P* \< 0.01.](vey001f2){#vey001-F2}

3.5 Number of variant positions and diversity changes over the time of an infection
-----------------------------------------------------------------------------------

To determine if time was a factor in the generation of mutants and restoration of diversity, the samples were stratified by time. When the number of variant positions in the genome per sample was plotted on Days 1, 4, 8, 12, and 19 both bodies and legs/wings showed significant differences using Kruskal-Wallis test ([Fig. 3A and B](#vey001-F3){ref-type="fig"}). Using *post hoc* Dunn's correction significant differences were detected between Days 8 and 12, and between Days 8 and 19 for the legs/wings ([Fig. 3B](#vey001-F3){ref-type="fig"}), but no significant differences were observed between groups for the bodies. The pattern suggests that there is a reduction in the number of variant positions at Day 8 in the legs/wings compared with that observed in the bodies, which then expands dramatically by Day 12 and shows some reduction by Day 19, although this was not statistically significant. To determine if there was a relationship between the variation observed in bodies and legs/wings within the individual mosquitoes (i.e. whether the number of variant positions in the body correlated with the same effect in the legs/wings), the number of variant positions for bodies and legs/wings were plotted from the same mosquito ([Fig. 3C](#vey001-F3){ref-type="fig"}). The ratio between bodies: legs/wings was calculated and shown in [Supplementary Fig. S4](#sup1){ref-type="supplementary-material"}. As in [Fig. 2](#vey001-F2){ref-type="fig"}, there were significantly more variants in the bodies than legs/wings, and this was recapitulated for Day 8 (*n* = 3) (*P* = 0.0258), Day 12 (*n* = 3) (*P* = 0.0315), and Day 19 (*n* = 13) (*P* = 0.0004) as determined by Student's *t*-test. For Day 1 no legs/wings were sequenced, and on Day 4 only two mosquitoes had sufficient coverage in both bodies and legs/wings.

![The number of variant positions varies over time and between body compartments. To determine the effect of time on the number of sites showing variation, the number of variant positions was calculated for (A) bodies at Days 1, 4, 8, 12, and 19, significant differences were determined by Kruskal-Wallis test *P* = 0.0461, but no differences between groups were determined by Dunn's multiple comparisons test, and (B) legs/wings at days 4, 8, 12, and 19, significant differences were detected between days by the Kruskal-Wallis test *P* = 0.0067, significant differences between groups were determined by Dunn's multiple comparisons test and are marked on the graph. (C) To determine the effect of a bottleneck on the number of variant sites, samples from the same mosquitoes were compared for Days 4, 8, 12, and 19. Asterisks indicate statistically significant results, \**P* \< 0.01, \*\**P* \< 0.001.](vey001f3){#vey001-F3}

For comparison, the effect of time on the Shannon entropy measure of diversity was also calculated on Days 1, 4, 8, 12, and 19 for both bodies and legs/wings. For both the bodies and the legs/wings there was a significant difference between days by Kruskal-Wallis analysis (bodies *P* = 0.0061; legs/wings *P* = 0.0049) ([Fig. 4A and B](#vey001-F4){ref-type="fig"}). Using the Dunn's *post hoc* correction significant differences were observed between Days 1 and 19 for the bodies ([Fig. 4A](#vey001-F4){ref-type="fig"}), and Days 4 and 19 for the legs/wings ([Fig. 4B](#vey001-F4){ref-type="fig"}), all other comparisons showed no significance. To determine if there was a relationship between the diversity as measured by Shannon entropy observed in bodies and legs/wings within the individual mosquitoes (i.e. whether the diversity was related between body compartments), all samples for which a paired sample was not available were excluded ([Fig. 4C](#vey001-F4){ref-type="fig"}). There was a significantly higher diversity in the bodies compared with the legs/wings measured by Shannon entropy on Days 8 (*n* = 3) (*P* = 0.0349) and 19 (*n* = 13) (*P* = 0.0045) as determined by Student's *t*-test. For Day 1 no legs/wings were sequenced, and on Day 4 only two mosquitoes had sufficient coverage in both bodies and legs/wings. On Day 12 (*n* = 3) no significance was observed. Ratios of the diversity for bodies: legs/wings were also calculated and are shown in [Supplementary Fig. S4](#sup1){ref-type="supplementary-material"}.

![Shannon entropy measure of diversity increases varies over time and between body compartments. Samples were stratified by day and the measure of diversity was calculated for (A) bodies at Days 1, 4, 8, 12, and 19 with statistical significance as determined by Kruskal-Wallis *P* = 0.0061, significant differences between means was determined by Dunn's multiple comparison test and are marked on the graph, and (B) legs/wings at Days 4, 8, 12, and 19, with statistical significance as determined by Kruskal-Wallis *P* = 0.0049, significant differences between means was determined by Dunn's multiple comparison test and are marked on the graph. (C) The diversity between the bodies and legs/wings using paired samples from the same mosquitoes were calculated and plotted for Days 4, 8, 12, and 19, statistical significance of the raw results was performed using a paired *t*-test. Asterisks indicate statistically significant results, \**P* \< 0.05, \*\**P* \< 0.001.](vey001f4){#vey001-F4}

3.6 Distribution of mutations across the genome
-----------------------------------------------

Previous studies have demonstrated that there are diversity hotspots, i.e. areas within the genome where increased diversity is found, along the virus genome ([@vey001-B7]; [@vey001-B43]). To investigate this further the average diversity was plotted for every base in the genome to determine if there were any regions of increased diversity associated with either time or tissue ([Fig. 5](#vey001-F5){ref-type="fig"}). For all the samples, there was a low level of variation across the genome. However, a few spots showed increased diversity compared with the rest of the genome. Two of these sites with increased variation only occurred in the negative strand for the bodies ([Fig. 5A--E](#vey001-F5){ref-type="fig"}), and the same was not observed for the legs/wings ([Fig. 5](#vey001-F5){ref-type="fig"}F--I). These two mutations, 10082 and 10083 are associated with a deletion in the 6K gene, which had resulted in an abnormally high diversity. The deletion has already been described for VEEV ([@vey001-B20]), although previous studies did not differentiate between the positive and negative strand of the virus. The presence of a known deletion would increase the potential entropy for that position by reducing the coverage at this point, and therefore, it is likely that this peak, as indicated on [Fig. 5A](#vey001-F5){ref-type="fig"} by an arrow is a result of the deletion and reduced coverage.

![Specific sites in the bodies and legs/wings show evidence of changing diversity over time. All bodies and legs/wings were analyzed for diversity at each position along the genome and the average was determined for each genome position. The average diversity was plotted for bodies on (A) Day 1 (*n* = 6), (B) Day 4 (*n* = 3), (C) Day 8 (*n* = 9), (D) Day 12 (*n* = 7), and (E) Day 19 (*n* = 19), and for legs/wings on (F) Day 4 (*n* = 3), (G) Day 8 (*n* = 3), (H) Day 12 (*n* = 6), and (I) Day 19 (*n* = 13). Black lines indicate the variants on the positive strand and blue lines indicate the variants on the negative strand. The arrow on Fig. 5A shows an area with known deletion mutants.](vey001f5){#vey001-F5}

The patterns of diversity change at different time points. On Days 1 and 4 in the bodies, and Days 4 and 8 in the legs/wings, the variation is higher at many positions along the genome ([Fig. 5A, B, F, and G](#vey001-F5){ref-type="fig"}). However, it is important to note that at early time points for the bodies ([Fig. 5A and B](#vey001-F5){ref-type="fig"}) and legs/wings ([Fig. 5F and G](#vey001-F5){ref-type="fig"}) the majority of the genome positions have no variation ([Fig. 3A and B](#vey001-F3){ref-type="fig"}), and lower average diversity across the genome ([Fig. 4A and B](#vey001-F4){ref-type="fig"}). Many positions of high variance are reduced by Days 8, 12, and 19 ([Fig. 5C--E](#vey001-F5){ref-type="fig"}). This scenario was recapitulated for the legs/wings, although the high levels of individual position diversity were observed at Days 4 and 8 ([Fig. 5F and G](#vey001-F5){ref-type="fig"}), and many positions with diversity have been reduced by Days 12 and 19 ([Fig. 5H and I](#vey001-F5){ref-type="fig"}).

3.7 Consistent selection of minority variants associated with midgut escape
---------------------------------------------------------------------------

Eight minority variants were found in a vast majority of bodies with disseminated infection at Days 8, 12, and 19. The mutations were not found in consensus at earlier time points. Three of these minority variants were also found at Days 8, 12, and 19 in the legs/wings ([Fig. 6](#vey001-F6){ref-type="fig"}; [Table 2](#vey001-T2){ref-type="table"}). Two of these mutations were insertions. The first insertion truncates the RdRp (7,403 ins T/G) while the second insertion truncates the structural polyprotein (9,980 ins T). Both of these mutations result in frameshifts, which are usually considered deleterious, but are found to be conserved in 97% (7,403 ins T/G) (range of Shannon entropy: 0.010499--0.046342), and 77% of mosquito bodies (9,980 ins T) (range of Shannon entropy: 0.0117982--0.0704658) ([Table 2](#vey001-T2){ref-type="table"}). In addition, four non-synonymous changes were observed: an Asp to Ala at Position 5,184 and an Ile to Phe at Position 7,397, both in the RdRp, a Phe to Gln at Position 7,868 in the capsid protein, as well as an Ala to Asp at Position 9,989 in the 6K protein. Although these mutations are only present at low levels, they appear consistently in the bodies and the legs/wings except the Ile to Phe at Position 7,397, which only appears in the bodies. The other mutations were non-coding (T11061G), and a deletion in the capsid at Position 7,874, which results in a truncated structural protein. Again, the deletion that results in a frameshift was surprising as this would likely be a deleterious mutation. These mutations were not identified in the consensus sequence of the virus collected from the mice used for feeding mosquitoes. Table 2.Common minority variants identified in mosquito samples.PositionsMutationProtein% Bodies% Legs/Wings5,184C-AAsp-Ala (RdRp)971007,397A-TIle-Phe (RdRp)95--7,403Ins T/GTruncated RdRp97967,868C-APhe-Gln (Capsid)97847,874DelTruncated Capsid97--9,980Ins T6K/Truncated E177--9,989C-AAla-Asp (6K)937211,061T-GNone77--[^5]

![Individual variants are repeatedly found in different body compartments. The top twenty mutations were identified for each day and body compartment. Those that were consistent across every day were selected and the amino acid change and diversity measure identified. The average Shannon Entropy measure for minority variants at Days 4, 8, 12, and 19 in (A) the bodies, and (B) the legs/wings. The average percentage frequency of each variant at Days 4, 8, 12 and 19 in (C) the bodies and (D) the legs/wings.](vey001f6){#vey001-F6}

4. Discussion
=============

Viral diversity plays a significant role in the infectivity and successful transmission of RNA viruses ([@vey001-B17]; [@vey001-B33]; [@vey001-B19]; [@vey001-B3]; [@vey001-B32]). In fact, numerous studies have now demonstrated that individual vector tissues exhibit different diversity profiles (Jerzak et al. 2005; [@vey001-B34]; [@vey001-B50]; [@vey001-B39]; [@vey001-B51]; [@vey001-B8]; [@vey001-B37]; [@vey001-B47]; [@vey001-B43]; [@vey001-B24]; [@vey001-B29]). Most RNA viruses replicate without a proofreading enzyme and, therefore, accumulate mutations at a high rate. This gives the viruses a wide range of genetically diverse progeny, and a plasticity in the mutant cloud that has been demonstrated to be important in RNA viruses ([@vey001-B53]). Recently, studies have demonstrated that altering RNA virus fidelity has significant implications for viral infectivity and transmission ([@vey001-B49]; [@vey001-B15]; [@vey001-B48]), as a small shift resulting in either increased or decreased fidelity can lead to a significant attenuation of the virus. For arboviruses, which are subject to repeated bottlenecks, it is theorized that there is a need for diversity to compensate for the reduction in the number of virus particles associated with each bottleneck ([@vey001-B33]). This study confirms this theory by demonstrating that virus populations presenting lower levels of diversity are less likely to be successful in disseminating through the host. This reduction in diversity may be a result of a smaller number of viral particles that the mosquito ingested; a lack of replication in the midgut, or short-lived infections in the hemocoel that were neutralized. Sampling on Day 1 may have also been too early to allow the virus to disseminate. In any of these cases there is evidence that a baseline of diversity is required for successful dissemination, and overcoming the midgut escape barrier.

This study sought to test the hypothesis that there would be a reduction of viral diversity in the hemocoel following the midgut escape bottleneck, simply due to the reduction in the number of particles that transition across the barrier. This is an example of a physical bottleneck that would reduce the number of variants generated during dissemination of the virus from the mosquito body to the legs and wings. It has been previously shown that the midgut acts as a major bottleneck for VEEV and severely restricts the number of viral particles (from one to fifty) that escape from the midgut. This particle number is dependent on the starting titer of the bloodmeal, and increases in correlation with bloodmeal titer ([@vey001-B21]), which is consistent with other studies ([@vey001-B44]; [@vey001-B12]). Conversely, there are studies that did not find bottlenecks in similar systems ([@vey001-B8]; [@vey001-B26]). When the results from grouped bodies were compared with legs/wings, there was a significant decrease in both viral diversity and the number of variant positions in the legs/wings compared with that observed in the bodies. This result confirms that the presence of a bottleneck decreases the amount of diversity and the number of variant positions in the genome, which is consistent with the midgut escape bottleneck in *C. taeniopus* that has been previously demonstrated ([@vey001-B21]). Due to the lack of saliva samples with sufficient coverage it was not possible to accurately determine if the saliva showed an increase in diversity that is observed in other viruses ([@vey001-B8]; [@vey001-B29]). The limited data that was generated suggested a trend to higher amounts of diversity in the saliva compared with the other tissues ([Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}). This would be expected, as the increased diversity would facilitate successful transmission of the virus to the vertebrate host ([@vey001-B25]). However, as all saliva samples were excluded due to having \<90% of the genome covered, this will need to be investigated further.

When the results were stratified by date of collection similar patterns in bodies and legs/wings emerged. A pattern of initial low variant positions for both bodies (Days 1 and 4) and legs/wings (Days 4 and 8) was observed, with subsequent expansion of the number of variant positions (by Day 8 in bodies and Day 12 in legs/wings), although these changes were only significant in the legs/wings. This increase in diversity and variant positions demonstrates the ability of the virus to restore diversity and the mutant spectrum that is thought to be so crucial to virus propagation and survival. At Day 19 there was a reduction in the number of variant positions for both bodies and legs/wings, but not diversity as measured by Shannon entropy. It is possible that differences in titer is responsible for this change, but previous data collected suggests that this is not the case, as titers tend to be between 3 and 5 log~10~ PFU/ml ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). Rather, the reduction suggests that the virus is undergoing purifying selection and that a few mutations are present at higher frequencies. It should be mentioned, that there is the potential for sampling bias associated with these results, as mosquitoes could not be repeatedly sampled. However, the biological patterns reflect the prevailing hypothesis that positive selection is the driver of Alphavirus evolution and are, therefore, an accurate representation of what is going on in the mosquito.

The observed shifts in diversity that are seen, particularly in the legs/wings could be due to many different factors. One of the most likely factors is the mosquito immune system, in particular the RNAi response, which is a sequence specific response that is the most important antiviral response in the mosquito ([@vey001-B11]; [@vey001-B38]). Previous research has shown that specific regions in the genome are more frequently targeted by the RNAi response and these regions exhibit increased genetic diversity ([@vey001-B7]). The purifying selection observed by Day 19 could be the result of the RNAi response in the mosquito. In the future, the extent of the relationship between virus genome variation and the genetic regions targeted by the RNAi response will be explored. Whichever mechanism is associated with selection, the fact remains that there is a progressive refinement of the mutational spectrum over time, and it is likely that this has implications for transmission as this may impact the diversity in the mosquito salivary glands and, therefore, the initial diversity in the vertebrate host.

Other reported analyses of viruses using NGS have shown the presence of regions of higher diversity in the viral genome ([@vey001-B7]; [@vey001-B35]; [@vey001-B43]; [@vey001-B46]). These hotspots are unique for each virus and each tissue. With VEEV-infected *C. taeniopus*, there were differences between the hotspots in the bodies compared with the hotspots in the legs/wings, which was expected. However, there were also several sites of variation along the genome that were shared between bodies, and legs/wings. This suggests that diversity hotspots are specific to tissue compartments, although there is some overlap. These mutations are either perpetuating by individual mutants making their way through the midgut barrier or by being regenerated following the midgut bottleneck. However, because the midgut bottleneck is so severe ([@vey001-B21]), this is likely due to regeneration of the mutant swarm after the bottleneck. It was also observed that unlike the bodies, the legs/wings had fewer conserved mutations, suggesting that the bottleneck does play a role in shaping the mutant spectrum. It could also be interpreted that there are perhaps fewer pressures associated with the legs/wings, which may also result in fewer conserved mutations. Regardless, the origin of this diversity is still recognized as a product of the infidelity of the viral polymerase and the number of viral replication events that allows the virus to increase the diversity following replication. Further work is required to determine if these mutations are a result of selection pressures or random stochastic generation following the escape from the midgut.

Bottlenecks are theorized to have the potential to shift the population due to selection of just a few viral particles. Six mutations were observed in \>90% of the bodies with a successfully disseminated infection ([Table 2](#vey001-T2){ref-type="table"}). Determining exactly how this may impact the successful dissemination in the mosquito will require further investigation especially as only four of these mutations were present in the legs/wings as well. In addition, none of these mutations were found in \>70% of non-disseminated bodies, suggesting that they may play a role in successful dissemination of the virus in the mosquito (data not shown). Two more mutations were observed in a large proportion of the bodies studied (\>75%). Of the eight mutations found in a large number of mosquitoes, two result in frameshifts that would compromise the structure of the virion. Although these sequences would not be viable on their own, defective particles can accompany functional particles and have been identified in samples collected in mosquitoes with suspected sustained transmission ([@vey001-B1]). These mutations have the potential to influence the infection and dissemination of the virus in the mosquito. The use of six mice to feed mosquitoes and generate the samples may influence the resulting diversity and mutations. Unfortunately, low-coverage limited analysis beyond comparison to a consensus sequence and further work will need to be done to determine if the individual mouse diversity resulted in changes in the mosquito diversity. This may be a confounding factor whose effect is still to be determined; however, it is unlikely that all commonly found mutations were generated and transmitted in the mice. Mosquitoes ingest between 1 and 100 virus particles at 10^5^ PFU/ml, which for Alphaviruses equates to a maximum of 500,000 RNA genomes ([@vey001-B21]). Using the percentage of reads at which these particles were sequenced, the probability that all eight mutations would be picked up from an individual mouse is 3 × 10^−12^. Thus, it is more likely that these are generated during the initial replication in the mosquito and take several days for detection in a high proportion of mosquitoes.

Previous studies with WNV have shown the generation of mutations following bottlenecks in multiple mosquito species ([@vey001-B24]). This study used a single mosquito species, and also found there was the generation of mutations following bottlenecks (Day 8). This is likely due to regeneration of the mutants and may also reflect the presence of molecular memory as has previously been described for both foot and mouth disease virus (FMDV) and human immunodeficiency virus (HIV) ([@vey001-B41]; [@vey001-B22]). Subsequent purifying selection was also observed, as exemplified by a slight reduction in diversity in both bodies and legs/wings on Day 19 compared with Day 12. These results are similar to that observed in DENV; although for DENV, this was only in the midgut and the reduction was observed at Day 7 compared with the initial diversity at Day 4 ([@vey001-B29]). It is likely that these results are all mosquito-virus pairing specific because previous literature studying WNV and DENV demonstrated that even small changes in mosquito genetics can alter the diversity spectrum ([@vey001-B24]; [@vey001-B29]). The current study was unable to address this aspect of variation, as only one colony of *C. taeniopus* was used. However, by sampling repeatedly and frequently, changes were observed that were associated with the presence of bottlenecks that had been previously quantified by [@vey001-B21]. Additionally, the increase in the number of overall samples allowed for the identification of specific mutations that are present in numerous tissues. The greater number of samples sequenced (bodies *n* = 38 and legs/wings *n* = 25) increases the potential of observing minority variants that play a role in viral replication and dissemination. Randomly selecting a subset of the variants did not provide the same robustness in identification of these minority variants (data not shown).

Using VEEV as a model system, this study provides a base of evidence to aid studies showing the importance of minority variants in the dissemination and successful infection of RNA viruses in the mosquito. This study also shows that there is a significant reduction in the number of variant positions in the legs/wings following the bottleneck associated with escape from the midgut, which is restored 4 days later. Interestingly, there was no reduction in diversity measure seen for the legs/wings, unlike the number of variant positions, which suggests that measures of diversity by themselves do not fully capture the changes associated with viral diversity. Several of the mutations detected were consistently selected for in many samples, suggesting that at least some variants are not caused by random generation of mutations, but instead because of directed selection, and this needs to be validated further. Consequently, these mutations may play an important role in the successful infection and dissemination of the virus in the mosquito. How these mutations interact with the mosquito immune pathways remains to be determined. This study confirms that the presence of bottlenecks does play a role in modulating the minority variants present in different compartments, but this is not necessarily captured fully by measuring the diversity across the entire genome. However, the presence of minority variants appears to play an important role and either the selection or regeneration of these variants facilitates the infection and dissemination of VEEV in *C. taeniopus*.
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